To elucidate the effects of copper addition on the precipitation of chromium nitrides and the associated pitting corrosion of the hyper duplex stainless steels, a potentiodynamic test, a scanning electron microscope analysis and thermodynamic calculation were conducted. Copper addition to the base alloy facilitates the precipitation of chromium nitride and stabilizes it at elevated temperatures due to the increase of activity of Cr. With aging the alloy at 1293 K, copper added alloy reduces the resistance to pitting corrosion due to the precipitation of deleterious chromium nitrides compared with that of the base alloy. Experimental results are in good agreement with thermodynamic calculations of elemental activity and the driving force for the precipitation of chromium nitrides.
Introduction
Duplex stainless steel (DSS) is the stainless steel that has microstructure where both ferrite and austenite phases are present in approximately equal volume fraction. Duplex stainless steels have been increasingly used for various industrial applications due to the excellent combination of mechanical and corrosion properties and relatively low cost due to the addition of low Ni, as compared with austenite stainless steels. 13) In industrial heat exchanger application, resistance to corrosion of super duplex stainless (SDSS) is insufficient for higher temperature service and a long service life. Hence, hyper duplex stainless steel (HDSS) has been developed to provide high resistance to pitting corrosion, combined with improvements in mechanical properties. HDSS has a problem of formation of chromium nitride when aged at 9731173 K. 4) Precipitation of chromium nitride leads to a significant reduction in corrosion resistance and mechanical properties.
58)
Many researchers have reported detrimental effects of chromium nitride on the pitting corrosion of DSS. Ha et al. 9) found from the polarization tests using an electrochemical microcell that pit initiated at the Cr and N depleted zone adjacent to the chromium nitrides in stainless steels. Perren et al. 10) reported that the detrimental effect of chromium nitrides formed in the ferrite phase during quenching on the passivation behavior of super duplex stainless steels. Chromium nitrides formed after isothermally heat treatment of the duplex stainless steels were investigated using scanning Kelvin probe force microscopy (SKPFM).
11)
The effect of alloying elements on the precipitation of intermetallic compounds such as sigma (·) and chi (») phases in the duplex stainless steels has been the subject of numerous investigations. However, few studies have been focused on the effects of alloying elements on the precipitation of chromium nitrides and the associated pitting corrosion of DSS.
Furthermore, in terms of thermodynamics, the mechanisms of the effects of Cu addition on the precipitation of chromium nitrides and associated pitting corrosion in hyper duplex stainless steels have not been verified. Accordingly, it is necessary to predict the activity of alloying elements and driving force of chromium nitrides using Thermo-Calc software to verify the effects of copper addition on the mechanism of precipitation of chromium nitrides and to investigate the behaviors of associated pitting corrosion for hyper duplex stainless steels.
In the present work, to elucidate the effects of copper addition on the precipitation of chromium nitrides and associated pitting corrosion of the hyper duplex stainless steels, potentiodynamic anodic polarization test, a scanning electron microscope-energy dispersive spectroscope (SEM-EDS) analysis and thermodynamic calculation of the precipitation of chromium nitrides were conducted.
Experimental Procedures

Material and heat treatment
The experimental alloys such as BASE alloy and 1.5 mass% Cu alloy were manufactured using a high frequency vacuum induction furnace and then hot rolled to plates of 6 mm thickness. The weight of ingots of experimental alloys is 50 kg. The size of ingots of experimental alloys is 150 mm © 150 mm © 300 mm. The experimental alloys were cut and solution heat-treated for 30 min at 1363 K and then quenched in water. The specimens were then isothermally aged at 1293 K for 1 and 5 h. Chemical compositions of the experimental alloys are presented in Table 1 .
Thermodynamic equilibrium calculation
To predict the effects of copper on the activities of chromium (Cr) and the driving forces of precipitation of chromium nitrides in the alloy, thermodynamic calculation using Thermo-Calc software was conducted. The steel database TCFE5 available with the Thermo-Calc software was used to perform the calculation and it should be stressed that such calculation give the equilibrium state of system.
Corrosion tests
Effects of copper addition on the resistance to pitting corrosion due to the precipitation of chromium nitrides of the experimental alloys were investigated using a potentiodynamic anodic polarization technique. The pitting potential (E pit ) was obtained from the potentiodynamic polarization curves. The pitting potential marked the end of the passive potential region and the transition from passive to transpassive behavior. The potentiodynamic anodic polarization test was conducted in a deaerated 4 M NaCl at 343 K per the ASTM G 5.
12) Test specimens were joined with copper wire through soldering (95 mass% Sn5 mass% Sb), and then mounted with an epoxy resin. One side of the sample was ground to 600 grit using SiC abrasion paper. After defining the exposed area of the test specimen as 0.5 © 10 ¹4 m 2 , the remainder was painted with a transparent lacquer. The test was conducted at a potential range of ¹0.65 to +1.1 V vs. SCE (saturated calomel electrode) and at a scanning rate of 1 © 10 ¹3 V s ¹1 , using a SCE. The current transients through the potentiostatic test were measured in deaerated 4 M NaCl at 343 K with an applied potential of 0 V vs. SCE in the passive region of the potentiodynamic anodic polarization curves at which meta-stable pitting can occur. 13, 14) The current transients were recorded for a duration of 3600 s.
Results and Discussion
Calculation of the equilibrium fractions of each
phase The equilibrium fractions of each phase against the temperature for the experimental alloy were calculated using commercial Thermo-Calc software ( Fig. 1) package. In the BASE alloy, it can be seen that the equilibrium phases at 1293 K are ferrite (¡), austenite (£) and sigma (·). However, in the 1.5Cu alloy, it can be seen that the equilibrium phases at 1293 K are ferrite (¡), austenite (£), sigma (·) and a HCP phase with a composition corresponding to Cr 2 N nitride (Fig. 2) . Figure 2 shows that the mole fraction of elements in HCP phases with a composition corresponding to chromium nitrides in 1.5Cu alloy according to the calculation is plotted. It can be assumed that it is redistribution of the alloying elements, Cr and N in particular, which foregoes formation of chromium nitrides that causes the degradation of pitting corrosion resistance of the hyper duplex stainless steels due to formation of Cr-depleted zones after aging heat treatment.
This difference in precipitation of chromium nitrides in experimental alloys should be attributed to copper addition. According to the calculations the precipitation range of the chromium nitrides extends up to approximately 1278 K for the BASE alloy and 1478 K for the 1.5Cu alloy. The higher the copper the higher the temperature limit for precipitation of chromium nitrides. Copper addition to the base alloy facilitates precipitation of chromium nitrides and stabilizes it at elevated temperatures. Figure 3 shows back-scattered electron (BSE) images of the microstructure of the experimental alloys aged at 1293 K for 1 and 5 h. In the 1.5Cu alloy, there are a small amount of rounded chromium nitride particles randomly distributed within austenite phase and at phase boundaries and a large amount of acicular chromium nitrides within austenite phase and at the phase boundaries. SEM-EDS analysis indicates that the rounded and acicular nitride particles are chromium nitride (Cr 2 N) owing to their much higher Cr content than that of the matrix. However, there are no chromium nitride particles in the BASE alloy. The calculated precipitation ranges of chromium nitride correspond well with experimental results. In presented in Table 2 , the chemical composition of ferrite phase, austenite phase and chromium nitride is conducted using SEM-EDS.
Microstructural analysis
Effect of Cu addition on the pitting corrosion
resistance Chromium nitrides is an intermetallic compound enriched in Cr. Due to its high Cr content, the precipitation of chromium nitrides deplete the surrounding regions in Cr, which deteriorate the corrosion resistance. 9) Pits were observed to initiate in the chromium depleted zone adjacent to chromium nitrides precipitates in duplex stainless steels. 15) In this study, the formations of the chromium nitrides result in Cr depleted zones adjacent to the chromium nitrides. In order to investigate the effects of Cu addition on the precipitation of chromium nitrides and associated pitting corrosion resistance of hyper duplex stainless steels, potentiodynamic anodic polarization test were conducted in a deaerated 4 M NaCl solution at 343 K per ASTM G 5, and presented in Fig. 4 . In general, the pitting potential (E p ) is defined as the breakdown potential destroying a passive film.
As the E p of an alloy increases, the resistance to pitting corrosion of the alloy increases. After heat treatment at 1363 K for 30 min, the resistance to pitting corrosion of both the BASE and 1.5Cu alloys is excellent due to an increase of current density above oxygen evolution potential. However, with increasing aging time, based upon a decrease in pitting potential, the resistance to pitting corrosion decreased. The resistance to pitting corrosion of the 1.5Cu alloy was inferior to that of the BASE alloy because the pitting potential of the 1.5Cu alloy is much lower than that of the BASE alloy due to the precipitation of chromium nitrides. The reason that the resistance to pitting corrosion with the Cu addition increased is as follow: Difference in the resistance to pitting corrosion between the BASE alloy and the 1.5Cu alloy can be attributed to the precipitation of chromium nitrides. The formations of chromium nitrides result in a depletion of chromium (Cr). Cr depleted regions lead to a decrease in pitting corrosion resistance. 4 M NaCl solution at 343 K with an applied potential of 0 V vs. SCE in the passive region according to ASTM G 5. The potentiostatic test was conducted to observe the formation and the repassivation of meta-stable pits. With increasing aging time, the current spikes for the formation and the repassivation of the meta-stable pits of the 1.5Cu alloy were more than those of the BASE alloy. It was assumed that there are two distinct processes before stable pit formation occurs: pit nucleation and growth of the meta-stable pit. 16, 17) As presented in Fig. 5 , the degree of meta-stable pit growth in the 1.5Cu alloy seemed to increase compared to those in the BASE alloy.
3.4 Mechanism on the effect of copper addition on the precipitation of chromium nitrides The thermodynamic studies of precipitation of intermetallic compounds such as the · phase and » phase through the addition of various elements have been investigated. Hertzman 18) showed by thermodynamic calculations that the driving force for the precipitation of the · phase and » phase in super austenitic stainless steel (SASS) and super duplex stainless steel (SDSS) was reduced by nitrogen addition. The effect of nitrogen on the Cr and Mo activities was suggested to be the determining factor for precipitation of the · and » phase. 19) Pettersson 20) demonstrated that influences of alloying on precipitation behavior of secondary phases can be explained by the elemental activities and the driving force for precipitation. Retardation of secondary phase precipitation is explicable by reduction of activities of Cr and Mo with increasing nitrogen content and hence a decrease in the driving force for the precipitation of secondary phases.
Since Cr is the key element in formation of deleterious chromium nitrides, the increase of activity of Cr has an effect on the precipitation of chromium nitrides. The effect of copper addition on the activity of chromium (Cr) can be calculated as a function of copper content at 1293 K as shown in Fig. 6 . As shown in Fig. 6 , the activity of Cr linearly increases with an increase of copper content. The addition of copper to the base alloy facilitates the precipitation of chromium nitride and stabilizes it at elevated temperatures due to the increase of activity of Cr. The higher the copper the higher the temperature limit for precipitation of chromium nitrides (Fig. 1) .
The experimentally observed precipitation behavior naturally reflects the thermodynamic driving force for nucleation. The effect of copper addition on the driving forces of the chromium nitrides can be calculated as a function of copper content at 1293 K as shown in Fig. 7 . As shown in Fig. 7 , the driving force of chromium nitrides increases with an increase of copper content. This means that the addition of copper increases the driving force of the precipitation of chromium nitrides during aging at 1293 K due to the increase of the activity of Cr.
Thermodynamic reason for this effect becomes clear from the analysis of Cr activity dependence on copper content. The trend of an increased driving force for chromium nitride precipitation with increasing copper content is consistent with the experimental results. This computing result indicates that the addition of copper facilitates the precipitation of chromium nitrides and stabilizes it at elevated temperatures, which is in good agreement to the present findings shown in Fig. 3 .
In summary, the effect of copper addition on the precipitation of chromium nitrides of the experimental alloys is schematically presented in Fig. 8 . Copper addition to the base alloy facilitates precipitation of chromium nitrides and stabilizes it at elevated temperatures. The copper added alloy reduces the resistance to pitting corrosion due to the precipitation of deleterious chromium nitrides, compared with that of the base alloy. 
Conclusions
To elucidate the effects of copper addition on the precipitation of chromium nitrides and associated pitting corrosion of the hyper duplex stainless steels, potentiodynamic anodic polarization test, a scanning electron microscope-energy dispersive spectroscope (SEM-EDS) analysis and thermodynamic calculation of the precipitation of chromium nitrides were conducted.
(1) Copper addition to the base alloy facilitates the precipitation of chromium nitride and increases the high temperature limit of precipitation of chromium nitrides in hyper duplex stainless steels by increasing the activity of chromium. (2) The trend of an increased driving force for chromium nitride precipitation with increasing copper content is consistent with the experimental results. (3) Copper added alloy reduces the resistance to pitting corrosion due to the precipitation of deleterious chromium nitrides compared with that of the base alloy.
